Invasive breast cancer is a frequently diagnosed disease that now comes with an ever expanding array of therapeutic management options. We assessed the effects of 20 prognostic factors in a multivariate context.
Invasive breast cancer is a frequently diagnosed disease that now comes with an ever expanding array of therapeutic management options in the modalities of surgery, radiotherapy, and systemic therapy. Decisions for an individual patient are usually made outside of randomized clinical trials, based on the best literature evidence of likely prognosis for a patient with particular demographic, clinical, and pathological characteristics.
However, clinicians are currently faced with a plethora of prognostic factors that may be relevant to predict a patient's prognosis. There is little comprehensive data to consistently support a particular set of factors being substantially better than another. Investigative reports for new prognostic markers are frequently based on univariate analyses without considering potential confounding effects of other factors 1, 2 . The assessment of relevance for a large number of factors in itself poses a challenge to standard statistical procedures, but there has recently been growing evidence against the underlying assumption of proportional hazards for the standard Cox method. [3] [4] [5] [6] The Cox assumption of proportional hazards implies that the ratios of risk of recurrence (or death) for patient subgroups defined by a given prognostic factor such as nodal status (0 vs. 1-3 vs. Ն4 positive nodes) are approximately constant as the time from original treatment increases; a contraindication for this assumption occurs when plots of the logarithm of the cumulative hazards (risks) of recurrence or death cross. Use of the Cox model, when there is evidence that it is inappropriate, could lead to undue emphasis on a non-optimal group of prognostic factors and impede progress in clinical research and treatment. 3 In this study, we simultaneously investigated the effects of a broad group of clinical and pathological factors and illustrated the use of a model-type, the log-normal, which would be appropriate when there is evidence of non-proportional hazards. The log-normal has been consistently supported by breast cancer data. 3, [7] [8] [9] [10] [11] [12] [13] 
PATIENTS AND METHODS

Patients
The Henrietta Banting Breast Center (HBBC) is a multidisciplinary assessment and treatment center for breast diseases, which opened in January, 1977. We have accrued clinical data for 156 consecutive patients with stage 1-3 primary invasive breast cancer who were diagnosed in 1989 and 1990. The patients had no previous breast or other malignancy, except in situ cervical or non-melanoma skin cancer, and were treated by a team of teaching surgeons. The patients underwent a lumpectomy and axillary dissection (116 patients) or a modified radical mastectomy (40 patients) according to National Surgical Adjuvant Breast and Bowel Project (NSABP) protocol, as a result of the decision made by the surgeon and patient. The teaching surgeons of the HBBC practice as a team, and make every effort to provide uniform treatment decisions. Each patient received good surgical management according to accepted protocols for our institution in this time period; adjuvant systemic therapy was administered by a single medical oncologist (MET).
There was complete follow-up for 91% of the patients through 1995; the median follow-up was 4.9 years, for those who are alive. The amount of remaining ipsilateral breast tissue, and thus the risk of local recurrence, varied greatly by patient. The standard practice at our institution in this time period was to provide local management for local recurrence. Only one patient with local recurrence that preceded distant recurrence received systemic therapy (chemotherapy); the patient's distant recurrence was detected the following year. Thus, the focus of this study was the association of initial tumor characteristics and distant disease progression. The event of interest was distant recurrence, where distant recurrence is defined here as outside the ipsilateral breast and includes one patient who had a regional recurrence. The time until the event was defined as distant disease-free survival (DFS). One patient who died from another cause with no evidence of recurrent breast cancer had her DFS censored at her time of death. The 1993 Dynamic 7.0 PC version of BMDP (Statistical Solutions, Saugua, MA) was used for all analyses.
Factors Assessed
The histological and immunohistochemical assessments were made by two breast pathologists (WMH and HJK) who have worked in a clinical and research partnership for several decades; the level of concordance in numerous quality control assessments is approximately 90%.
Data were obtained to assess the effects of 15 traditional and 5 newer prognostic factors. The traditional factors, with their format of assessment, were the following (in univariate; in multivariate analyses): 1 age (Յ39, 40 -64, Ն65 years [as well as by a surrogate break for menopausal status Ͻ50, Ն 50]; years), tumor size (Յ20, Ͼ20 mms; mms), nodal status (0, 1-3, Ն4 positive; # positive), histology (predominantly DCIS/other invasive types, infiltrating lobular, infiltrating duct NOS), tumor and nuclear grade (each as, 1/2,3 by Fisher's grading), lymphovascular and perineural invasion (LVPI: none, perineural only, lymphovascular with/without perineural), DCIS type (none, non-comedo, comedo), DCIS extent (Յ20, Ͼ20%; %), DCIS at edge of tumor (absent, present), ER and PgR (each as, Ͻ10, Ն10 fmol/mg protein; # fmol/mg protein), ERICA (0, Ͼ0% positive; %), and adjuvant tamoxifen and adjuvant chemotherapy (each as, no, yes; adjuvant systemic [no, yes]). [The handling of systemic adjuvant therapy was given extensive consideration and preliminary work-up with an examination of recurrence by separate patient subgroups and the use of stratification by treatments. Many more patients would currently be offered some form of systemic therapy; however, these study patients received fairly uniform treatment decisions from the surgical team who practiced together. Treatment decisions did not vary greatly in the years 1989 -1990, the two years of patient acquisition; the decision to simply include therapy as a set of study factors that might be interactively modeled with the rest was thought to be the best approach for these data.]
The newer factors were ki67 (Յ10, Ͼ10% positive; % positive), Verity MODFIT S-phase (low, medium, high), DNA index (diploid, aneuploid determined with a cutpoint at 1.0; actual value), neu oncogene (Ͻ2, Ն2 copies; number of copies), and Pharmagen pRb (Ͻ10, Ն10% positive; % positive).
Univariate Assessment
The factor subgroups indicated above were used in the univariate assessments. Kaplan-Meier plots were made for each of the prognostic factors, and the Wilcoxon (Peto-Prentice) test statistic was used to assess the effects of the factor on DFS.
The Cox model assumes log-linear effects of the covariates on the hazard function, or risk of recurrence or death. Plots of the logarithm of the cumulative hazards for distant recurrence were plotted for each prognostic factor, with control for other factors at their means; the differences between subgroups should remain approximately constant under the Cox assumption of proportional hazards.
When there is strong evidence against proportional hazards, the class of accelerated failure time models, 14 which includes the log-normal, may be a better choice; however, it then becomes necessary to select a model that is appropriate for the hazard function. For more than five decades, the log-normal distribution has been shown to be a good choice for large cohorts of breast cancer patients [7] [8] [9] [10] [11] [12] [13] and stage subgroups. 13 Veronesi's 15 plots of annual conditional probability of distant recurrence indicate the classic shape 14 for the log-normal hazard function. The log-normal survival analysis model assumes that the log of the survival time is a linear function of the prognostic factors and has approximately a normal distribution. 14 From the point of view of the hazard function, the risk of an event increases from 0 to a maximum at some point in time, and decreases toward 0 thereafter. This assumption is clinically reasonable for breast cancer in that the risk of recurrence or death is expected to decrease after ϳ3, 5, or 10 years, depending on the characteristics of the breast cancer patients. The BMDP program 2L handles censored survival times and provides plots of Cox-Snell and standardized residuals to check the adequacy of the model fit. With a larger sample size and longer follow-up (more events), it would also be reasonable to confirm the log-normal distribution for events with Q-Q plots against the standard normal distribution; we have performed such analyses with other cohorts. 16 -18 
Multivariate Assessment
We previously reported 2, 19, 20 that it is preferable in multivariate regression analyses to fully utilize the information of continuous prognostic factors rather than to categorize such factors: i.e., tumor size in cm, rather than the standard T1, T2, T3, or biochemical ER in fmol/mg protein, rather than as positive or negative based on a lab varying cut-point. Categorization of continuous factors may lead unjustifiably to the imputation of very different prognostic relevance for very small differences in factor values; it may also limit the multivariate investigation of factor effects 20 and interactions. Thus, the factors age, tumor size, nodal status, DCIS extent, ER, PgR, ERICA, ki67, DNA index, neu oncogene, and pRb were categorized as required for univariate, but not for multivariate, investigations.
Step-wise regression was performed using the factors above in Cox and log-normal survival analyses. The model improvement for adding a factor was assessed with the likelihood ratio criterion, Ϫ2logR (Ϫ2logR ϳ 2 * under the assumption that the factor is not significantly associated with time to recurrence).
RESULTS
Univariate Assessment
Thirty-six patients experienced a distant recurrence. The number of patients by factor subgroup, number of distant recurrences, Kaplan-Meier 5-year recurrence rate, and P values for tests for differences between subgroups are given in Table 1 for traditional prognostic factors, and in Table 2 , for newer prognostic factors. Many of the factors exhibited significant differences between patient subgroups. Lower recurrence was observed for patients who were older (P ϭ .07), had a smaller tumor size (P Ͻ .001), fewer positive nodes (P ϭ .004), tumor that was predominantly DCIS or infiltrating lobular (P ϭ .02), low/medium tumor grade (.001) or nuclear grade (P Ͻ .001), no LVPI (P ϭ .003), no comedo DCIS (P ϭ .01), tumor was ER positive (P Ͻ .001) or PgR positive (P ϭ .005), received adjuvant tamoxifen (P ϭ .06) or chemotherapy (P ϭ .001), tumor had low ki67 positivity (P ϭ .07), and the tumor was diploid (P ϭ .02). Figure 1 shows the log cumulative hazard plot for nodal status after controlling for other factors; there is strong evidence against the assumption of proportional hazards in that the graphs for the patient subgroups intersect or cross. Patients who were node-positive tended to receive more adjuvant systemic therapy (Table 3) . In all, 31% of nodenegative patients received systemic therapy; 89% of patients, with 1-3 positive nodes, and 95% of patients with 4 *Categorical factors have only one format listing when they were used in the same format in both univariate and multivariate analyses.
or more positive nodes. The corrected hazard rates (Fig. 1) were very similar for all three subgroups for about 15 months, after which those with Ն4 positive nodes had the best experience, followed by the node-negative group and then the 1-3 positive nodes group. Figure 2 shows the results of the Cox step-wise regression. There were four factors which made a significant (P Յ .05) addition to the multivariate model for DFS. A large tumor size (P Ͻ .001), high nuclear grade (P ϭ .005), presence of LVPI (P ϭ .004), and infiltrating duct NOS (P ϭ .02) were associated with shorter DFS. The presence of DCIS at the edge of the tumor was also associated with a reduction in DFS (P ϭ .10). Nodal status was not included in the step-wise model, but there was evidence against the assumption of proportional hazards for the factor nodal status. The results of the log-normal step-wise regression are shown in Fig. 3 . A large tumor size (P Ͻ .001), positive nodes (P ϭ .002), high nuclear grade (P ϭ .01), presence of LVPI (P ϭ .03), and infiltrating duct NOS (P ϭ .05) were associated with a reduction in DFS.
Multivariate Assessment
The model improvement with the 5 factor Cox and log-normal models was similar (Ϫ2logR ϭ 42.63, 42.71, respectively); however, the model improvement for the 4 factor Cox model was 39.86. 
DISCUSSION
After the diagnosis of breast carcinoma is confirmed, clinicians are faced with the decision of treatment modality: lumpectomy or mastectomy, method of assessing nodal involvement, administration (and extent of) adjuvant radiotherapy, and systemic therapy (hormonal or chemotherapy). Clinical trials data provide scientific evidence to support certain courses of action for very specific questions and subgroups of patients. The vast majority of issues that require consideration cannot be tested due to cost, time, and sometimes ethics. Clinical whole population studies, without randomization of patients or treatment decisions, provide the largest pool of evidence that must be used for medical decisions; such studies frequently involve the groups of patients for whom the next treatment decisions must be applied. However, there is a need to control the data collection and analyze such studies more carefully. [1] [2] [3] [4] 19, 21 In particular, it is important to consider the effects of factors in a multivariate context. 1, 2 It is also important to examine the appropriateness of underlying assumptions such as that of proportional hazards for the standard Cox method. [3] [4] [5] [6] 22 Both Cox and log-normal 14 survival analysis may be used to assess the effects of prognostic factors on the risk of recurrence or death. The tests for examining the underlying assumptions and ascertaining an appropriate choice are outlined in the methods section of this article, and are available in commercial statistical packages. We have shown in this work that the severe violation of underlying model assumptions may lead to an incorrect conclusion about whether a factor has a significant effect on recurrence or death.
Tumor size and nodal status are usually considered the two most important indicators of patient prognosis. Yet, nodal status was not included here in the Cox step-wise model, because there was strong evidence against the assumption of proportional hazards. One cannot assume
FIG. 2. Cox step-wise multivariate model building. Histograms illustrate
2 improvement for multivariate model building by adding tumor size (P Ͻ .001), nuclear grade (P ϭ .005), LVPI (P ϭ .004), and histology (P ϭ .02). that the Cox model is always robust enough or appropriate for statistical evaluations of breast cancer data. 22 The choice of an alternate model would be dependent on the hazard (risk) pattern 14 of an event (recurrence or death) for a particular cancer with the length of follow-up for the study. The log-normal model may be appropriate for primary breast cancer when there is evidence against this assumption; 3,7-13 for a log-normal model, the risk is 0 at the beginning of the study, increases to a maximum, and then decreases approaching 0 with long follow-up. Breast cancer has been observed to have an increasing risk of recurrence/death which subsequently, after some point in time, decreases with many late events. 7, 8, 15 A log-normal model has been supported in long-term investigations of breast cancer. 3, [7] [8] [9] [10] [11] [12] [13] Early work with the log-normal model preceded the era of high speed computers, and there were difficulties in simultaneously estimating several parameters, 7 obtaining initial parameter estimates, 7 differentiating between alternative model choices, 7 and handling a lot of censoring. 14 The availability of readily accessible statistical packages makes the routine use of a log-normal model feasible. BMDP permits a log-normal step-wise regression analysis for survival data with a full complement of residual checks. Nodal status (P ϭ .002) was included in the step-wise log-normal model. In a previous investigation of the effects of nodal status on local recurrence, 3 we had a similar situation with evidence against proportional hazards for this factor; nodal status was not included in the step-wise Cox model although it was in the step-wise log-normal. After 2 more years of follow-up, nodal status was eventually included in the step-wise Cox model. It is important to note these observations in the context that many investigators do not routinely check the appropriateness of the underlying assumptions for their statistical procedures; the magnitude of the effect that departures from assumptions might exhibit on results might not be anticipated to be this large. Certainly, most clinicians would acknowledge that they anticipate nodal status to be an important determinant of prognosis and the masking of this effect might be viewed as worrisome.
The determination of significant factors was made with the standard step-wise addition of factors, one at a time. We have been examining alternative factor selection strategies, 2-4 and the results of alternative all subsets analyses will be forthcoming. The step-wise log-normal model included tumor size and lymph node status which are clinically useful 23 components of pathological staging, along with histological type. Nuclear grade 24, 25 and LVPI 26, 27 are also recognized as important prognostic factors. Interestingly, this study did not find that over expression of the Her 2 neu oncogene was related to a poorer prognosis, as was found in a previous study of node-negative patients; 28
FIG. 3.
Log-normal step-wise multivariate model building. Histograms illustrate 2 improvement for multivariate model building by adding tumor size (P Ͻ .001), nodal status (P ϭ .002), nuclear grade (P ϭ .01), LVPI (P ϭ .03), and histology (P ϭ .05).
differences between the studies include a complete standardized pathology review to include specific histological subtype, nuclear and histologic grade, and the inclusion of node positive patients in the present study. These results are for standard step-wise multivariate regression analyses.
The results reported here illustrate that standardized, well-performed traditional pathological determinants can be effective in classifying prognosis, and that some newer putative factors should be tested within a full database with all traditional factors, using appropriate statistical methods, before they are used in clinical decision making. 23 Both adjuvant tamoxifen and adjuvant chemotherapy had significant univariate associations with DFS, but the combined factor adjuvant systemic therapy was not included in the step-wise model with either a Cox or log-normal model. 
FIG. 7. Kaplan-Meier plot of distant DFS by LVPI (no invasion, invasion).
The different types of invasion have been collapsed to simplify the plot, and the P value changes accordingly from Table 1. benefit, even for node-negative patients, with the administration of adjuvant systemic therapy. However, our data reflect clinical practice; there was no uniform treatment protocol for the patients. Although the HBBC physicians made an effort to provide uniform treatment plans, patient preference certainly influenced treatment. We showed that there was a significant association (P Ͻ .001) between the administration of adjuvant systemic therapy and nodal status, with 91% of node-positive patients and 31% of the node-negative patients receiving adjuvant systemic therapy. A lack of inclusion of systemic therapy in the step-wise model may just reflect a confounding with nodal status which was included.
In conclusion, we have demonstrated the importance of checking the appropriateness of the underlying assumption of proportional hazards, and of using an alternate model when there is strong evidence against this assumption. There was such evidence for nodal status; nodal status, one of the two factors considered to be of primary importance in predicting a patient's prognosis, was not included in the step-wise Cox model for DFS. Nodal status was included in the step-wise model with a log-normal model-type.
The effects of 20 prognostic factors (15 traditional, 5 newer prognostic factors) were considered in a multivariate context. The best step-wise model included only 5 traditional factors: tumor size, nodal status, nuclear grade, LVPI, and histology.
FIG. 8.
Kaplan-Meier plot of distant DFS by histology (microinvasive cancer; other histologies, including lobular; infiltrating duct NOS). The category microinvasive cancer is referred to elsewhere in the article as predominantly DCIS; lobular carcinoma is grouped with other histologies for this plot; the P value is unchanged from that in Table 1 .
